Based on a kinetic description of J/ψ dissociation and production in an expanding quark-gluon plasma that is described by a 2+1 dimensional ideal hydrodynamics, we have studied the double ratio R pPb (ψ ′ )/R pPb (J/ψ) of charmonia in p + Pb collisions at √ s NN = 5.02 TeV by including not only the cold nuclear matter effects but also the hot nuclear matter effects. We find that the double ratio of prompt charmonia is significantly suppressed in the most central collisions as a result of the hot nuclear matter effects.
Charmonia suppression in heavy ion collisions was first suggested in Ref. [1] based on the consideration of color screening in quark-gluon plasma (QGP). The anomalous suppression of J/ψ production, besides the normal suppression due to the cold nuclear matter effects, observed in Pb+Pb collisions at the Super Proton Synchrotron (SPS) seemed to confirm this prediction and thus suggested that a QGP was produced in these collisions [2] . Since then, there have been extensive experimental and theoretical studies on J/ψ production and suppression in both elementary and nuclear collisions. In particular,
• Baseline study of charmonia production in p + p collisions has been carried out using the color singlet model (CSM) [3] and/or the color octet model (COM) [4] .
• Cold nuclear matter effects, including the shadowing effect, the Cronin effect and the nuclear absorption, have been studied in p+A and d+A collisions.
• Hot medium effects, including the color screening, gluon dissociation, quasi-free scattering dissociation, regeneration and so forth, have been studied in A + A collisions.
However, with the high beam energy at the LHC, the initial energy density in p+Pb collisions can be sufficient large for the formation of a QGP. It is then of interest to study the hot medium effects on quarkonia production in these collisions and compare them to those due to the cold nuclear matter [5] [6] [7] [8] [9] [10] [11] [12] . In Ref. [13] , we have carried out such a study by using a 2+1 dimensional ideal hydrodynamic model to describe the bulk dynamics of p + Pb collisions at √ s NN = 5.02 TeV, i.e., based on the equation
with the boost invariant condition. In the above,
µν p is the energy-momentum tensor in terms of the energy density ǫ, pressure p, and four velocity u. For the equation of state ǫ(p), we have used that of Ref. [14] based on an ideal gas of massless partons for the QGP and massive hadrons for the hadronic matter, together with a bag constant which leads to a critical temperature T c = 165 MeV [15] [16] [17] at zero baryon chemical potential. For the initial energy density at time τ 0 = 0.6 fm/c and its rapidity dependence, it is obtained from a multiple phase transport (AMPT) model [18] . Selecting the most central 10% collisions according to the yield of partons in AMPT, the maximum initial energy density is found at rapidity y = −2.
In Fig. 1 , we show the energy density distribution in the transverse plane at rapidity y = −2 for different proper time τ. The origin of the coordinates is located at the center of the proton, and the center of the lead lies on the negative x-axis. The initial energy density is roughly isotropic in the transverse plane with a slightly larger value on the lead side. The maximum value is ǫ 0 ≈ 15 GeV/fm 3 , which corresponds to a temperature T 0 ≈ 290 MeV.
Since the energy density is large and the volume is small compared with those in A+A collisions at lower energies, the system expands fast, leading to a quick decreas of the energy density at the center. At time τ = 2.0 fm/c, the energy density at the center is even smaller than that in the peripheral region, and the maximum energy density is at the radius r ≈ 1.5 fm. The value of the energy density on the positive axis is slightly larger than that at the negative axis. Since the center of the QGP produced in p+Pb collisions hadronizes earlier, its spacial topology differs from that in Pb+Pb collisions 1 . For the time evolution of the distribution function f (x, p, t) of J/ψ in the phase space of coordinate x and momentum p, we use the transport equation
where v is the velocity of the J/ψ, and α and β are the dissociation and the regeneration rate, respectively. The dissociation rate
takes into account the gluon dissociation process J/ψ + g → c +c with the cross section σ D [14, 19, 20] . The regeneration rate takes into account the inverse process c +c → J/ψ + g, whose cross section is related to that of the gluon dissociation process by the detailed balance relation, and can be calculated using the distribution functions of charm and anticharm quarks. For simplicity, we take the charm quark distribution to be in thermal equilibrium, i.e.,
where ρ c is the number density of charm quarks and satisfies the conservation equation is the normalization factor for the Fermi distribution. For anticharm quarks, their distribution function fc has a similar form. We also include a velocity-dependent dissociation temperature T d to describe the color screening effect [21] .
Different from Pb+Pb collisions at the LHC, at most one pair of charm and anticharm quarks are produced in a p+Pb collision, and they are also not likely to reach thermal equilibrium . These effects are included via a canonical enhancement factor C ce = 1 + 1/(dN dir c /dy) in the evaluation of the equilibrium number of J/ψ, as in the statistical model [22] [23] [24] , and the relaxation reduction factor r = 1 −exp(−τ/τ r ) [25] with the charm quark relaxation time τ r = 7 fm/c [26, 27] . More details can be found in Ref. [13] . We note that these effects can be more accurately studied in a transport model [28] .
For the initial distribution of J/ψ, it is obtained from the Glauber model with the inclusion of initial-state cold nuclear matter effects and a J/ψ production cross section of dσ pp /dy = 5.68 µb for pp collisions at 5.02 TeV. The latter is obtained from interpolating the experimental results at lower ( √ s NN = 2.76 TeV) [29] and higher ( √ s NN = 7 TeV) [30] energies with a power-law form and an average transverse momentum square p 2 T = 9.5 GeV 2 at middle rapidity. As to the rapidity distribution, it is assumed to be Gaussian with parameters taken from Refs. [31, 32] . The density distribution of initially produced J/ψ in space is assumed to be proportional to the thickness of a uniform solid sphere of radius r = 0.8 fm as that for the proton.
For the cold nuclear matter effects on J/ψ and charm quarks, they are assumed to be the same and are taken from Refs. [20, 33] , which then lead to a suppression in proton rapidity and an enhancement in Pb rapidity.
The above treatment for the ground state J/ψ is generalized to include its excited states χ c and ψ ′ with different dissociation temperatures T D and cross sections [34, 35] as in Ref. [21] . For the initial abundance of these excited states, they are determined from that of J/ψ by using the empirically known feed-down contributions to J/ψ production in p + p collisions, i.e., using the proportion 6 : 3 : 1 for direct J/ψ, feed-down from χ c and from ψ ′ [36] . They are further assumed to subject to the same cold nuclear matter effects as the J/ψ.
For the contribution to J/ψ production from the decay of regenerated χ c and ψ ′ , they are included with the branch ratios from Ref. [37] . In Fig. 2 , we show the double ratio of prompt charmonia as a function of rapidity. It is seen that the double ratio at rapidity from −4 to 0 is smaller than unit due to stronger suppression of ψ ′ in the hot medium. In the most central 10% collisions, it is smaller than 0.1, while in collisions with centrality 40%-60%, it is between 0.3 and 0.4. Since the formation time of J/ψ and ψ ′ is much longer than that for the proton and Pb to pass through each other, the cold nuclear matter effects are not expected to differ much between the J/ψ and ψ ′ . In experiments, the inclusive double ratio is easier to measure. According to a recent study [38] , the contribution of B meson decay increases the double ratio in heavy ion collisions. The corresponding result for p+Pb collisions is shown in Fig. 3 . The qualitative effect of B meson decay is the same as that in Pb+Pb collisions [38] , and the double ratio is above 0.4 in the whole rapidity range.
In summary, we have studied the double ratio of quarkonia in p + Pb collisions at √ s NN = 5.02 TeV in a transport approach based on a 2+1 dimensional ideal hydrodynamic model and found that both the prompt and inclusive double ratios are smaller than one, espe- cially for the prompt one in the most central 10% collisions. This is not expected from the cold nuclear matter effects as they exist before J/ψ and ψ ′ are formed. Measuring the double ratio of charmonia thus provides the possibility to study the hot medium effects in p+Pb collisions at the LHC.
